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We have studied spin transport and magnetoresistance in yttrium iron garnet (YIG)/NiO/Pt trilayers with
varied NiO thickness. To characterize the spin transport through NiO we excite ferromagnetic resonance
in YIG with a microwave frequency magnetic field and detect the voltage associated with the inverse spin-
Hall effect (ISHE) in the Pt layer. The ISHE signal is found to decay exponentially with the NiO thickness
with a characteristic decay length of 3.9 nm. This is contrasted with the magnetoresistance in these same
structures. The symmetry of the magnetoresistive response is consistent with spin-Hall magnetoresistance
(SMR). However, in contrast to the ISHE response, as the NiO thickness increases the SMR signal goes
towards zero abruptly at a NiO thickness of ≃ 4 nm, highlighting the different length scales associated with
the spin-transport in NiO and SMR in such trilayers.
I. INTRODUCTION
Antiferromagnets have attracted a great deal of at-
tention in spintronics because of their unique proper-
ties, such as a low magnetic susceptibility and ter-
ahertz spin dynamics.1,2 In metallic antiferromagnet-
based spintronics, electrical switching of the antiferro-
magnetic domains in CuMnAs was sucesfully performed3
and spin pumping studies have demonstrated spin in-
jection into IrMn.4,5 In oxide spintronics, ferromag-
net (FM)/antiferromagnet (AFM)/heavy metal trilayer
structures have been used to study spin-transport in in-
sulating antiferromagnets.6–13 Experimental techniques
include microwave-field-induced magnetization preces-
sion in the FM to generate a spin-current in the AFM
and the inverse spin Hall effect (ISHE) in the heavy
metal to convert the spin-current transmitted through
the AFM into a voltage.6–8,14 Such experimental studies
have shown that NiO can be an efficient spin-conductor.
A theoretical model has been proposed that explains
these experimental results by spin-currents conducted by
evanescent spin-waves in NiO.15,16 In similar structures,
YIG/NiO/Pt, the spin-Hall magnetoresistance (SMR)
has been measured as a function of temperature. Re-
sults suggest that NiO can suppress the magnetic prox-
imity effect measured in a 3 nm thick Pt layer and were
further interpreted to indicate spin-transport between Pt
and YIG through NiO layers.14
These two types of experiments have not been con-
ducted on the same samples as a function of the NiO
thickness. Here, we investigate spin transport through
NiO layers with varied thickness at room temperature
by exciting ferromagnetic resonance (FMR) in YIG and
detecting the voltage signal across the Pt film associated
with the ISHE. The SMR as a function of the NiO thick-
ness was measured in the same samples. A comparison of
these results shows that the ISHE signal decreases mono-
tonically as a function of NiO thickness, while the SMR
vanishes abruptly at a thickness of about 4 nm.
II. EXPERIMENTAL METHODS
YIG(20 nm)/NiO/Pt(5 nm) trilayers were deposited
on gadolinium gallium garnet (Gd3Ga5O12, GGG) sub-
strates. YIG with a 〈111〉 orientation was deposited
by magnetron sputtering.17,18 The YIG film was subse-
quently exposed to ambient conditions. Ar+ ion clean-
ing with a discharge voltage of 800 V was used prior to
depositing NiO by radio frequency (rf) magnetron sput-
tering. A 5 nm thick Pt layer was deposited in-situ by
electron beam evaporation. Samples with 0 (i.e. without
NiO), 2, 4, 6, and 10 nm thick NiO layers were prepared
and studied.
For FMR studies, we mount the sample on a Cu
stripline with a width of 500 µm, similar to the experi-
mental geometry in Ref. 19. We apply a microwave signal
at 3.85 GHz and measure the inverse spin Hall voltage
VISHE across the Pt film as a function of the applied field
using a lock-in technique. The microwave signal is turned
on and off at a few kHz and the lock-in response at this
frequency is measured. Figure 1(a) shows a schematic of
the sample and applied field geometry, while Fig. 1(b)
shows a schematic of the magnetoresistance experiments.
Magnetoresistance measurements of YIG/NiO/Pt trilay-
ers were performed in a 4-wire configuration, i.e. with
separate voltage and current contacts in a line. We ap-
ply an external magnetic field of 0.2 T to align the mag-
netization of YIG with the field. The samples are then
rotated around three different axes to obtain the magne-
toresistance as a function of angle. All the experiments
presented in this paper were conducted at room temper-
ature.
III. RESULTS
First we present measurements of the ISHE voltage
in YIG(20 nm)/Pt(5 nm), thin films that do not have
a NiO layer. Fig. 2(a) shows the ISHE voltage as a
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FIG. 1. Schematics of (a) inverse spin Hall voltage measure-
ment by microwave-field-induced magnetization precession in
YIG(20 nm)/NiO(t nm)/Pt(5 nm) and (b) Pt resistance mea-
surement as a function of angle of applied field (α, β, and γ)
with respect to three different axes of the same sample.
function of the applied field. A peak in the ISHE voltage
signal is seen at the resonance field of the YIG. (The FMR
absorption data is not shown.) There is also a minor peak
which is most likely due to inhomogneity in our extend
film samples. As previously reported in Ref. 19–21, the
measured ISHE voltage VISHE is an odd function of the
magnetic field which is a signature that the effect is based
on spin pumping into Pt and not a thermoelectric signal.
In YIG/NiO/Pt trilayers the VISHE as a function of NiO
thickness is shown in Fig. 2(b). We find slightly different
resonance fields on different YIG samples, which may be
associated with small variation in their magnetization.
We checked that the shift in resonance field is symmetric
in both field directions indicating that it is not caused by
exchange bias introduced in the YIG by NiO. We extract
the peak values of VISHE and plot it as a function of NiO
thickness in Fig. 4. The VISHE signal in YIG/NiO/Pt
indicates that exciting FMR in YIG is able to produce
spin-currents in NiO and spin-injection into Pt.
We now discuss the magnetoresistance measurements
of YIG/Pt and YIG/NiO/Pt. Magnetoresistance as a
function of angle of applied field with respect to three
different axes of the sample were measured. In these
experiments, the applied field µ0H = 0.2 T is fixed. Fig-
ure 3 shows the magnetoresistance of YIG(20 nm)/NiO(2
nm)/Pt(5 nm) as a function of angle α (rotation in the
x-y plane) in Fig. 3(a), β (rotation in the x-z plane) in
Fig. 3(b), and γ (rotation in the y-z plane) in Fig. 3(c).
The insets in Fig. 3 show the experimental geometry and
definitions of angles, α, β, and γ.
We measured the magnetoresistance with a resolution
of ∼ 10−6 in all three geometries. If we assume SMR and
anisotropic magnetoresistance (AMR) as possible contri-
butions to the measured magnetoresistance, the angle
dependent measurements in Fig. 3(a), 3(b), and 3(c)
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FIG. 2. Inverse spin Hall voltage VISHE measured as a func-
tion of external field in (a) YIG(20 nm)/Pt(5 nm) and (b)
YIG(20 nm)/NiO(t nm)/Pt(5 nm) with a 3.85 GHz rf exci-
tation.
should represent contributions of SMR and AMR, SMR
only, and AMR only, respectively. The signal observed
in Fig. 3(c) is of the order of the measurement noise.
Given the measurement noise is ∼ 10−6, the peak value
of the signal is at least a factor of 10 smaller than the
SMR signal. This is consistent with the results reported
in Ref. 14, where it was concluded based on no AMR
response that there are no induced magnetic moments
in Pt with a NiO interlayer. However, we also find neg-
ligible signal when rotating in the y-z plane to sweep
the angle γ for the YIG(20 nm)/Pt(5 nm) sample, which
does not have the NiO interlayer. The AMR signal in-
dicative of magnetic proximity effect found in Ref. 14
was measured in a sample with 3 nm Pt thickness as
opposed to the thicker films used here and in Refs. 19,
22, where also no AMR was reported. If magnetic prox-
imity effect is present in our samples, its contribution
to the magnetoresistance is negligible compared to the
contribution of SMR. Therefore, the resistance varia-
tions in Figs. 3(a) and 3(b) can be attributed to the
SMR, which describes how the Pt resistance reflects the
itinerant electron-spin interactions at the NiO/Pt inter-
face. The similar magnitude (∆RMax/R0 ≃ 4 × 10
−5)
in Figs. 3(a) and 3(b) also suggest we only have a SMR
signal. We observe a periodic response with a period
of 180 degrees in Figs. 3(a)(b) which can be described
with R − R0 = ∆R = ∆RMax sin
2 θ. θ is the angle be-
tween the magnetization M in YIG and the spin polar-
ization from the spin Hall effect in Pt. We compute the
equilibrium magnetization direction as a function of the
applied field direction, α and β, based on a macrospin
model considering the demagnetization field and exter-
nal field. The results are α = θ in Fig. 3(a) and
β = θ + arcsin(sin(2θ)Ms/2H) in Fig. 3(b). The sharp
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FIG. 3. Magnetoresistance of YIG(20 nm)/NiO(2 nm)/Pt(5
nm) as a function of the field angle rotated in the (a) x-y
plane an angle α, (b) x-z plane an angle β, and (c) y-z plane
an angle γ. The dashed line is the expected SMR response
based on a macrospin model.
peaks in the SMR signal at = +/-90 degree seen in Fig.
3(b) are due to the difference between the angles of the
applied field (β) and the YIG magnetization (θ). The
magnetization of YIG was determined by ferromagnetic
resonance characterization to be µ0Ms = 0.176 T. As
seen in the form of dashed lines in Fig. 3, plots of ∆R/R0
versus field angle (α, β, and γ) fit the experimental data
well.
The results in Fig. 3 show that the direction of YIG
magnetization can affect the resistance measured in Pt.
This suggests that the YIG magnetization rotates the
spins in the NiO which changes the spin-scattering and
accumulation at the NiO/Pt interface and thus the re-
sistance of the Pt film. We repeat the same experiment
for YIG/Pt and YIG/NiO/Pt with t = 4 and 6 nm to
extract the maximum value ∆RMax/R0 in Fig. 3(b) and
plot it as a function of NiO thickness in Fig. 4.
We now compare the two experiments as a func-
tion of NiO thickness. We show the ISHE voltage of
YIG/NiO/Pt as a function of NiO thickness and plot it
using black circles on the left hand axis in Fig. 4. We fit
the VISHE data points with Ae
−t/λ and obtain a decay
length of 3.9 nm. The blue squares plotted with refer-
ence to the right axis in Fig. 4 represent the SMR signal
of YIG/NiO/Pt as a function of NiO thickness. We see
from the comparison in Fig. 4 how both the ISHE voltage
and SMR decrease monotonically with NiO thickness. In
contrast to the ISHE signal, the SMR shows an abrupt
decrease at a thickness of 4 nm. This points to a dif-
ference in how the critical length scales are determined
in the two effects. In both cases spin flip-scattering of
electrons in Pt on the NiO interface is involved. How-
ever, the exponential decrease associated with diffusion of
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FIG. 4. Black circles are the peak values of the ISHE voltage
extracted from Fig. 2(b), while blue squares are the maxi-
mum values of SMR ∆RMax/R0 extracted from Fig. 3(b) for
different NiO thicknesses. Black dashed line is a fit to Ae−t/λ.
Blue dashed line is only a guide to the eyes.
magnons in NiO15,16 is not reproduced in the SMR data.
On the contrary the insertion of a 2 nm NiO layer barely
reduces the SMR amplitude. We can thus speculate that
the source of the SMR, collinearity or non-collinearity
between magnetic moments at the Pt/NiO interface and
the electron spins, is abrubtly decoupled from the YIG
magnetization above a certain NiO thickness.
IV. CONCLUSION
In conclusion, we have reported ISHE voltage and SMR
measurements in YIG/NiO/Pt layered structures. From
the dependence on the NiO thickness, we found a mono-
tonic decrease of the VISHE and SMR signal with the NiO
thickness. The sharp decrease of the SMR signal at t =
4 nm and the exponential decrease of the VISHE signal
suggests that the length scales of the phenomena are dis-
tinct. The abrupt decrease of the SMR signal may reflect
the blocking of the NiO moments but this remains to be
tested.
ACKNOWLEDGMENTS
The growth of the YIG films at Colorado State Uni-
versity was supported by the SHINES, an Energy Fron-
tier Research Center funded by the U.S. Department of
Energy, Office of Science, Basic Energy Sciences under
Award SC0012670. The research at NYU was sponsored
by the Institute for Nanoelectronics Discovery and Explo-
ration (INDEX), a funded center of Nanoelectronics Re-
search Initiative (NRI), a Semiconductor Research Cor-
poration (SRC) program sponsored by NERC and NIST.
1T. Jungwirth, X. Marti, P. Wadley, and J. Wunderlich,
Nature Nanotechnology 11, 231 (2016).
2V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono, and
Y. Tserkovnyak, arXiv:1606.04284 (2016).
43P. Wadley, B. Howells, J. elezn, C. Andrews, V. Hills, R. P.
Campion, V. Novk, K. Olejnk, F. Maccherozzi, S. S. Dhesi, S. Y.
Martin, T. Wagner, J. Wunderlich, F. Freimuth, Y. Mokrousov,
J. Kune, J. S. Chauhan, M. J. Grzybowski, A. W. Rush-
forth, K. W. Edmonds, B. L. Gallagher, and T. Jungwirth,
Science 351, 587 (2016).
4L. Frangou, S. Oyarzn, S. Auffret, L. Vila, S. Gambarelli, and
V. Baltz, Physical Review Letters 116, 077203 (2016).
5W. Zhang, M. B. Jungfleisch, W. Jiang, J. E. Pear-
son, A. Hoffmann, F. Freimuth, and Y. Mokrousov,
Physical Review Letters 113, 196602 (2014).
6C. Hahn, G. d. Loubens, V. V. Naletov, J. B. Youssef, O. Klein,
and M. Viret, Europhysics Letters 108, 57005 (2014).
7H. Wang, C. Du, P. C. Hammel, and F. Yang,
Physical Review Letters 113, 097202 (2014).
8Z. Qiu, J. Li, D. Hou, E. Arenholz, A. T. N’Diaye, A. Tan, K.-i.
Uchida, K. Sato, S. Okamoto, Y. Tserkovnyak, Z. Q. Qiu, and
E. Saitoh, Nature Communication 7, 12670 (2016).
9T. Moriyama, S. Takei, M. Nagata, Y. Yoshimura, N. Mat-
suzaki, T. Terashima, Y. Tserkovnyak, and T. Ono,
Applied Physics Letters 106, 162406 (2015).
10K. Chen, W. Lin, C. L. Chien, and S. Zhang,
Physical Review B 94, 054413 (2016).
11R. Cheng, D. Xiao, and A. Brataas,
Physical Review Letters 116, 207603 (2016).
12R. Cheng, J. Xiao, Q. Niu, and A. Brataas,
Physical Review Letters 113, 057601 (2014).
13K. M. D. Hals, Y. Tserkovnyak, and A. Brataas,
Physical Review Letters 106, 107206 (2011).
14T. Shang, Q. F. Zhan, H. L. Yang, Z. H. Zuo, Y. L.
Xie, L. P. Liu, S. L. Zhang, Y. Zhang, H. H. Li,
B. M. Wang, Y. H. Wu, S. Zhang, and R.-W. Li,
Applied Physics Letters 109, 032410 (2016).
15R. Khymyn, I. Lisenkov, V. S. Tiberkevich, A. N. Slavin, and
B. A. Ivanov, Physical Review B 93, 224421 (2016).
16S. M. Rezende, R. L. Rodrguez-Surez, and A. Azevedo,
Physical Review B 93, 054412 (2016).
17H. Chang, P. Li, W. Zhang, T. Liu, A. Hoffmann, L. Deng, and
M. Wu, IEEE Magnetics Letters 5, 1 (2014).
18E. L. Jakubisova, S. Visnovsky, H. Chang, and M. Wu,
Applied Physics Letters 108, 082403 (2016).
19C. Hahn, G. de Loubens, O. Klein, M. Viret, V. V. Naletov, and
J. Ben Youssef, Physical Review B 87, 174417 (2013).
20O. Mosendz, V. Vlaminck, J. E. Pearson, F. Y. Fradin,
G. E. W. Bauer, S. D. Bader, and A. Hoffmann,
Physical Review B 82, 214403 (2010).
21Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida,
M. Mizuguchi, H. Umezawa, H. Kawai, K. Ando, K. Takanashi,
S. Maekawa, and E. Saitoh, Nature 464, 262 (2010).
22H. Nakayama, M. Althammer, Y. T. Chen, K. Uchida, Y. Kaji-
wara, D. Kikuchi, T. Ohtani, S. Geprgs, M. Opel, S. Takahashi,
R. Gross, G. E. W. Bauer, S. T. B. Goennenwein, and E. Saitoh,
Physical Review Letters 110, 206601 (2013).
